Background-Reactive oxygen species play a critical role in inducing apoptosis. The small GTPase p21 Ras and the ERK1/2 MAPK have been proposed as key regulators of the signaling cascade triggered by oxidative stress (H 2 O 2 ). Harvey-Ras (Ha-Ras) and Kirsten-Ras (Ki-Ras) isoforms are so far functionally indistinguishable, because they activate the same downstream effectors, including ERK1/2. Moreover, ERK1/2 signaling has been involved in both protection and induction of apoptosis. Methods and Results-Human umbilical vein endothelial cells (HUVECs) were subjected to H 2 O 2 , and apoptosis was detected by fluorescence-activated cell sorting analysis, fluorescence microscopy, and caspase-3 activation. Transfection of Ha-Ras and Ki-Ras genes in HUVECs was performed to evaluate the response to H 2 O 2 . We have found that, whereas Ha-Ras decreases tolerance to oxidative stress, Ki-Ras has a potent antiapoptotic activity. Both effects are mediated by ERK1/2. Tolerance to H 2 O 2 is encoded by a unique stretch of lysines at the COOH terminus of the Ki-Ras, lacking in Ha-Ras, and it is relatively independent of the farnesylated anchor. Inhibition of p21 Ras signaling by farnesylation inhibitors increased the resistance to apoptosis in Ha-Ras-expressing cells. 
H igh reactive oxygen species (ROS) levels have been detected in several human disorders such as neurodegenerative diseases, cancer, ischemia, atherosclerosis, and aging. [1] [2] [3] [4] [5] A growing body of evidence suggests that the small GTPase p21 Ras is an essential mediator of the signal transduction pathway leading to cell apoptosis after oxidative injury. 6 -8 Oxidative stress and p21 Ras activate a group of kinases, the mitogen-activated protein kinase (MAPK) family, 9 including the extracellular signal-regulated kinases (ERK1/2), c-Jun NH 2 -terminal kinase (JNK or SAPK), and p38 MAPK. 10 ERK1/2 signaling has been involved both in protection 11, 12 and induction 13, 14 of apoptosis. To date this paradoxical effect(s) has not been fully understood. To address this question, we have explored the biological activity of different isoforms of p21 Ras. The 3 major isoforms of this small GTPase protein are N-Ras, Kirsten Ras (Ki-Ras), and Harvey Ras (Ha-Ras). Specifically, Ki-Ras and Ha-Ras share a high degree of structural and functional homology. Both Ras proteins are farnesylated and localized in the inner face of the plasma membrane. 15 The sequences of Ki-Ras and Ha-Ras proteins are almost identical. They diverge only in the 20 -amino acid hypervariable domain at the COOH termini. Although their functions remain indistinguishable, 16 very recently, evidence for differential activities of the Ras isoforms has started to accumulate. 17 We have found recently that the effects of Ha-Ras and Ki-Ras on ROS levels are complementary; Ha-Ras activates, and Ki-Ras reduces, intracellular ROS. 18, 19 In the present study, we show that Ha-Ras protein increases the number of cells undergoing apoptosis after oxidative stress; conversely, the Ki-Ras isoform has a protective effect, encoded by a polybasic stretch of lysine residues at the COOH terminus of the molecule, not present in the Ha-Ras sequence.
Methods Cells
HUVECs from American Type Culture Collection were maintained in RPMI 1640 (Life Technologies) with 10% FBS (Life Technologies) and 2 mmol/L glutamine, and were used at passages 5 to 10.
Plasmids and Transfections
Bicistronic vectors (pIRES) were used for expressing Ha-Ras, Ki-Ras, and green fluorescent protein (GFP) genes under the control of the cytomegalovirus promoter (Clontech), as follows: (1) V12 human Ha-Ras cDNA cleaved with BamHI and EcoRI was inserted into the GFP vector (2.1) cleaved with BglII-EcoRI, and (2) V12 human Ki-Ras 4B cDNA cleaved with BamHI-XhoI was inserted into the GFP vector (2.2) cleaved with BglII-XhoI. The constructs were verified by DNA sequence analysis.
The Ki-Ras mutants were generated by PCR using a Ki-specific 5Ј primer and 3 different 3Ј primers. The template was the pGEM3Z-KiRas containing the sequence encoding human Ki-Ras 4B (valine 12) protein as reported in the GenBank databases (HUMKRASM bases 193 to 759). The 5Ј primer was 5TKRAS, as follows: 5Ј-GATCGGATCCATGGACTACAAGGACGACGATGACAAGA-TGACTGAATATAAACTTGTGG-3Ј. The sequence included the following: (1) 4 nonspecific bases (GATC), (2) a BamHI site, (3) an ATG start, (4) 24 bases encoding a methionine residue and a hemoagglutinin tag (DYKDDDDK), and (5) 22 bases encoding the N terminus of the wild-type protein (MTEYKLV).
The three 3Ј primers were the following: (1) NOLISNOCIS (Cis Ϫ Lys Ϫ ) (mutation of the cysteine of the CAAX box and of the lysines of the polybasic stretch), 5Ј-GATCCTCGAGTTACATAAT-TACAGCCTTTGTCTTTGACTCCTCTTCCTCCTTTTTACCATC-3Ј; (2) NOLIS (Lys Ϫ ) (mutation in the lysines of the polybasic stretch), 5Ј-GATCCTCGAGTTACATAATTACACACTTTGTCTTTGACTCC-TCTTCCTCCTTTTTACCATC-3Ј; and (3) NOCIS (Cis Ϫ ) (mutation in the cysteine of the CAAX box), 5Ј-GATCCTCGAGTTACATAA-TTACAGCCTTTGTCTTTGAC-3Ј. The 3Ј primers included 4 nonspecific bases (GATC) and an XhoI site. Specifically, the NOLISNOCIS primer encodes the last 16 amino acids of the Ki-Ras protein, in which the KKKK (amino acids 175 to 179) was mutated to EEEE and C 185 was mutated to A. In the 3Ј-NOLIS primer, only the KKKK (amino acids 175 to 179) was mutated to EEEE. In the 3Ј-NOCIS primer, only the C 185 was mutated to A.
The 3 PCR products were cut with BamHI and XhoI and subcloned in the BglII-XhoI sites of pGFP/IRES 2.2 plasmid. The constructs were then confirmed by sequencing. The nonmutated sequence was similarly cloned with a 3Ј-end primer without mutations. The mutants and wild-type constructs were transfected in COS7 and HUVECs. Ras proteins were analyzed by immunoblot and Raf-1 binding. We have noticed that the native methionine start codon was more efficiently translated than the synthetic codon of the HA tag at the N-terminus of Ras proteins.
The vector carrying Rous sarcoma virus (RSV) promoter driving the Ha-Ras mutant (Leu61-Ser186) was constructed by insertion of the plasmid pZIP Ha-Ras (Leu61-Ser186) coding region (1.2-kb BamHI fragment) into the polylinker of pRSV. 20 Ki-Ras/GFP fusion protein was obtained by ligating the Ki-Ras 2B EcoRI-BamHI fragment (49 amino acids at the COOH terminus) with the EGFP-C3 vector (Clontech) cleaved with EcoRI and BamHI. Ha-Ras/GFP fusion protein was obtained by ligating the Ha-Ras AviII-EcoRI fragment (90 amino acids at the COOH terminus) with the EGFP-C3 vector cleaved with ScaI and EcoRI.
Cells were transiently transfected using the FuGENE-6 reagent (Roche). After 24 hours, the cells were then processed for fluorescence microscopy, fluorescence-activated cell sorting (FACS) analysis, or biochemical assays.
Apoptosis Assays
Apoptosis in vitro was assayed by 3 distinct approaches. HUVECs were grown to 70% to 80% confluence and treated for 2 hours with 2 mmol/L H 2 O 2 . When needed, cells were preincubated overnight with PD98059 (40 mol/L) (Calbiochem) or FTI-277 (20 mol/L) (Calbiochem). Six hours after the removal of the stimulus, apoptosis was detected either by fluorescence microscopy or FACS analysis (FACSCalibur) using propidium iodide (PI) or annexin V (Clontech). To measure caspase-3 activity, cells were cultured under the same conditions. After oxidative injury, cells were collected and lysed in appropriate buffer. Total cell extract (30 to 50 g) was electrophoresed onto a 12.5% SDS-PAGE and transferred to polyvinylidene difluoride membrane (Millipore). The blot was incubated with a polyclonal anti-caspase-3 antibody (BD-PharMingen), and the presence of total and active caspase-3 was revealed by chemiluminescence (Amersham-Pharmacia Biotech).
The concentration and the exposure time to H 2 O 2 were selected by determining dose-response and time curves. Under these conditions, the assay was linearly dependent on H 2 O 2 concentration and incubation time. Longer incubation periods or higher concentrations of H 2 O 2 resulted in massive apoptosis, and the difference in the cytoprotection between Ha-Ras-and Ki-Ras-expressing cells was abolished.
Biochemical Assays
For Western blotting with the antibodies against the phosphorylated form of ERK1/2 and JNK, HUVECs were grown to confluence, lysed in radioimmunoprecipitation assay buffer, separated by a 12.5% SDS-PAGE, and immunoblotted with a monoclonal antiphospho-ERK1/2 or anti-phospho-JNK (New England BioLabs). After being "stripped," the membranes were reprobed with polyclonal antibodies against the total (phosphorylated and unphosphorylated) ERK1/2 and JNK (Santa Cruz Biotechnology).
For immunodetection of Ha-Ras and Ki-Ras, cells were lysed in Triton buffer (1% Triton X-100 and (in mmol/L) NaCl 150, Tris-HCl [pH 7.5] 20, and EDTA 2) supplemented with protease inhibitors; lysates were cleared by centrifugation and incubated overnight at 4°C with a polyclonal anti-pan-Ras antibody (Santa Cruz Biotechnology), followed by a 1-hour incubation at 4°C with protein G beads. The immunoprecipitates were washed 3 times with washing buffer (50 mmol/L Tris-HCl, pH 7.5), centrifuged, and resuspended in 5ϫ SDS sample buffer. Blots were developed with specific monoclonal antibodies against Ha-Ras and Ki-Ras (Santa Cruz Biotechnology).
ROS levels were determined by 2Ј,7Ј-dichlorofluorescin fluorescence using the oxidation-sensitive probe, 5,6-carboxy-2Ј,7Ј-dichlorofluorescein diacetate. 19 
Statistical Analysis
All data are shown as meanϮSEM. Statistical analysis between groups was performed according to the 2 test. A P value Ͻ0.05 was considered significant.
Results

Oxidative Stress Induces Apoptosis in Endothelial Cells
HUVECs were stimulated for 2 hours with 2 mmol/L H 2 O 2 . After the removal of the oxidative stress, the cells were incubated in the normal medium and apoptosis was determined as described in Methods. Figure 1a shows that 6 hours after the removal of oxidative stimulus, the fraction of apoptotic cells significantly increased. Later (24 hours), the nuclei of apoptotic cells stained with PI. Apoptosis was monitored also by determining the activation of caspase-3 ( Figure 1b ). 21 The ratio between the 33-kDa procaspase-3 and the 17-kDa active caspase-3 is a measure of apoptosis induced by H 2 O 2 . The histogram in Figure 1b shows a significant accumulation of active caspase-3 in H 2 O 2 -treated cells.
The molecular signaling of oxidative stress was investigated by determining the activation of stress-related kinases.
HUVECs were stimulated with 2 mmol/L H 2 O 2 for 10, 20, 30, and 60 minutes, and the lysates were probed with specific anti-phospho-ERK1/2 and anti-phospho-JNK antibodies. Figure 1c shows the activation pattern of the 2 kinases. Although ERK1/2 activation appears to be stronger than that of JNK, both kinases reach the maximal peak at the 20-minute time point, suggesting a common mechanism of activation. Note that these are early events in the apoptotic process (compare Figure 1a and 1b) . The activation of stress kinases and the onset of apoptosis were inhibited by 30 mmol/L of the reducing agent N-acetyl cysteine (data not shown).
Ha-Ras Amplifies, and Ki-Ras Inhibits, H 2 O 2 -Induced Apoptosis
Because stress-activated kinases are regulated by p21 Ras, we have tested whether expression of Ras influences the response to oxidative stress. HUVECs grown on coverslip slides were transiently transfected with either the Ki-Ras-or Ha-Ras-expressing vectors. Transfection efficiency was evaluated by determining the number of the cells expressing the GFP encoded by the same polycistronic mRNA (see Methods). After stimulation with H 2 O 2 , the oxidative stress was removed and the apoptosis was detected 6 hours later by fluorescence microscopy (Figure 2a) . Cells overexpressing Ha-Ras gene (green) showed a higher degree of PI staining (yellow) compared with mock-transfected cells, suggesting a proapoptotic effect of the p21 Ha-Ras protein. Conversely, a significant decrease in PI staining was detected in Ki-Rastransfected endothelial cells, indicating a protective role of the Ki-Ras gene product on oxidative stress-induced apoptosis. To obtain quantitative data of these Ras effects on H 2 O 2 -induced apoptosis, we carried out FACS analysis of Ras-transfected cells by using annexin V-cy3 (red). Figure  2b shows that FACS analysis confirms microscopy data.
Induction (Ha-Ras) and Inhibition (Ki-Ras) of H 2 O 2 -Induced Apoptosis Are Mediated by ERK1/2 Signaling
To demonstrate the specificity of Ras-elicited effects, the dominant negative Leu61-Ser186 Ras gene, which sequesters upstream and downstream p21 Ras effectors, 22 was cotransfected in either the Ha-Ras-or Ki-Ras-expressing HUVECs. Figure 2b shows that both the potentiating effect of Ha-Ras and the inhibitory action of Ki-Ras on H 2 O 2 -induced apoptosis were abolished by Leu61-Ser186 Ras. To determine the effector(s) downstream Ras, we pretreated Ha-or Kiexpressing cells with PD98059, a specific MEK inhibitor. 23 Both Ha-Ras and Ki-Ras effects were suppressed by PD98059, replicating the inhibition induced by Leu61-Ser186 (Figure 2b ). Under the same conditions, JNK and p38 MAPK activities were not affected (data not shown).
To rule out the effects caused by overexpression of Ras exogenous gene(s), we sought to determine whether the endogenous Ras was also able to modulate H 2 O 2 -induced apoptosis. We first analyzed the expression pattern of Ras genes in HUVECs and then measured the sensitivity of the cells to H 2 O 2 . Figure 3 shows that (1) Ha-Ras was the predominant isoform expressed by these cells (Figure 3a) ; (2) H 2 O 2 -induced activation of stress kinases was affected by FTI-277, a farnesyl transferase inhibitor 20 ( Figure 3b) ; and (3) oxidative stress-induced apoptosis was reversed by PD98059 or by FTI-277 (Figure 3c and 3d) . The 2 compounds showed a comparable degree of inhibition of caspase-3 activation and apoptosis, although FTI-277 inhibited both ERK1/2 and JNK, whereas PD98059 prevented only ERK1/2 activation (data not shown). Taken together, these data indicate that Ha-Ras and ERK1/2, but not JNK signaling, are necessary for oxidative stress-induced apoptosis in endothelial cells (Figures 2b, 3c, and 3d ).
Molecular Determinants Underlying Ki-Ras Tolerance to Oxidative Stress
To identify the molecular determinants that mediate the inhibition of H 2 O 2 -induced apoptosis by Ki-Ras, we mutagenized the lysine residues of the polybasic region of Ki-Ras to glutamic acid (Lys Ϫ ) or the cysteine of the CAAX farnesylation box (shared by both Ki-Ras and Ha-Ras isoforms) to alanine (Cys Ϫ ) or both (Lys Ϫ /Cys Ϫ ). The mutants were expressed in HUVECs, and the tolerance of the cells to oxidative stress was measured.
H 2 O 2 -induced apoptosis was significantly affected in cells expressing Ki-Ras mutants ( Figure 4a) ; specifically, Cys Ki-Ras partially reduced tolerance to oxidative injury compared with Ki-Ras wild type-expressing cells, whereas a significant increase in apoptosis was observed in Lys Ϫ mutant transfected cells. The double Lys Ϫ /Cys Ϫ mutation abolished completely the Ki-Ras protective effect. Note that the effect of cysteine mutation, albeit small compared with that of the Lys Ϫ mutant, was significant and reproducible (Figures 4a  and 5a ). These findings indicate that the protection from apoptosis by the Ki-Ras isoform was mainly determined by the polybasic region at the COOH terminus. ERK1/2-dependent transcription was not affected in Lys Ϫ mutants. 19 Determination of ROS in Ki-Ras-transfected cells indicates that low ROS levels parallel resistance to H 2 O 2 -induced apoptosis. Moreover, mutation of lysines at the COOH terminus of Ki-Ras significantly increased ROS levels, although Ki-Ras Cys Ϫ also showed a partial effect (Figure 4b ). These data suggest that susceptibility to H 2 O 2 -induced apoptosis is linked to the ability of Ki-Ras to lower ROS levels. Immunoblot with anti-Ki-Ras antibody shows that transfected cells expressed comparable levels of Ras proteins (Figure 4a, inset) . Staining of transfected cells with an antibody against the HA tag of the exogenous proteins shows that the Cys Ϫ mutation resulted in a significant loss of the canonical plasma membrane signal without significant changes in intracellular dotlike fluorescence (Figure 4c) . Conversely, in Lys Ϫ Ki-Ras-expressing cells, the dotlike fluorescence disappeared. The double-mutant protein was completely diffuse throughout the cell (Figure 4c ). Although the immunofluorescence data shown do not identify the specific intracellular compartment(s) where Ki-Ras mutants are localized, they suggest a major modification in the localization pattern relative to the wild-type gene.
How the Ki-Ras Lipid Anchor Contributes to the Protection of Endothelial Cells From H 2 O 2 -Induced Apoptosis
The data shown above indicate that the main lipid anchor signal, the cysteine within the CAAX box, does not have a dominant role in the tolerance to H 2 O 2 -induced apoptosis in Ki-Ras-expressing cells. To assess independently the role of Ki-Ras CAAX box farnesylation signal in the development of tolerance to oxidative injuries in HUVECs, we used the farnesyl transferase inhibitor, FTI-277, which prevents farnesylation of Ras proteins. 20, 24 Control cells and Ha-Ras and Ki-Ras wild-type and mutant transfected cells were incubated, before the application of the oxidative stress, with FTI-277 (Figure 5a ). This compound significantly inhibited apoptosis in control and Ha-Ras-expressing cells. Conversely, the protective effect of Ki-Ras wild type was only partially affected. Treatment with FTI-277 resulted in a partial stimulation of apoptosis, in cells expressing either Lys Ϫ or Cys Ϫ Ki-Ras. Figure 5 indicates that FTI-277 treatment does not eliminate the protective effect of Ki-Ras, as does the mutation in the lysine stretch at the COOH terminus. A reproducible effect of FTI-277 treatment can only be detected in Lys Ϫ Ki-Ras-expressing cells. FTI-277 has a limited effect on wild-type or Cys Ϫ Ki-Ras-expressing cells. Taken together, these data indicate that farnesylation has a minor role in cytoprotection by Ki-Ras.
To test the effect of FTI-277 on the intracellular localization of Ha-Ras and Ki-Ras proteins, we transiently expressed fusion proteins containing the wild-type or mutant COOH termini of Ki-Ras and GFP at the NH 2 terminus. GFP in these fusion proteins contains the natural Ki-Ras localization signals (see Methods). The fluorescence staining of FTI-277-pretreated cells indicates that the compound efficiently displaced the GFP-fusion protein carrying the COOH terminus of Ha-Ras. On the other hand, a redistribution of membrane localization, without any significant changes in the intracellular fluorescent dots, was observed in cells expressing the GFP-fusion protein carrying the COOH terminus of Ki-Ras (Figure 5b ).
At present we do not know whether the dots shown by the Ki-Ras fluorescent signal indicate a specific membrane subcompartment or a different organelle where Ki-Ras is local- ized. In both cases, this location appears to be important for the tolerance of oxidative stress by Ki-Ras.
Discussion
The production of intracellular ROS has been implicated in the pathogenesis of several human disorders (Alzheimer's and Parkinson's diseases, cancer, cerebral and myocardial ischemia, atherosclerosis, etc), as well as aging. [1] [2] [3] [4] [5] Recent insights into the p21 Ras ERK1/2 signaling cascade suggest that Ras is directly involved in the regulation of the intracellular redox state. 8, 18, 19 HUVECs, exposed to 2 mmol/L H 2 O 2 for 2 hours, undergo apoptosis 6 to 24 hours later. This is accompanied by activation of stress-related kinases that culminates in the apoptotic death of stressed cells. This process is initiated by H 2 O 2 , which increases intracellular ROS and triggers Ras activation. 8, 18 Ras (specifically Ha-Ras) stimulates intracellular ROS levels by activating NADPH oxidase, further amplifying the cascade initiated by H 2 O 2 . 18, 19 Ki-Ras and Ha-Ras regulate H 2 O 2 -induced apoptosis in a complementary fashion; Ki-Ras increases the tolerance, whereas Ha-Ras decreases it and promotes apoptosis induced by H 2 O 2 . Both Ki-Ras and Ha-Ras effects are dependent on the Ras signaling cascade because the transdominant negative Ras variant Leu61-Ser186 completely suppresses both the Ki-and the Haeffects (Figure 2 ). Ras activation of MEK and ERK1/2 signaling is required for stimulation of H 2 O 2 -induced apoptosis (Figure 2b ) or protection (Figure 3c and 3d) . Because these cells express predominantly Ha-Ras, it is likely that inhibition of H 2 O 2 -dependent apoptosis by MEK inhibitor PD98059 or farnesyl transferase inhibitor FTI-277 is dependent on ERK1/2 signaling triggered by Ha-Ras (Figure 3c and  3d) . On the other hand, cells transfected with Ki-Ras are resistant to H 2 O 2 -dependent apoptosis, and they became sensitive when treated with the MEK inhibitor PD98059 (Figure 2b ). These data are puzzling, because they indicate that the same enzymatic cascade induces opposing phenotypes in the same cell type (Figures 2b and 3) . In fact, there are reports showing that ERK1/2 signaling induces apoptosis 13, 14 or that ERK1/2 signaling inhibits apoptosis. 11, 12 The analysis of the available data may shed some light on this apparent paradox. Ha-Ras is an important activator of the NADPH oxidase complex, because it participates in the assembly under the plasma membrane of the oxidase complex 18 ( Figure 6 ). The activation of the NADPH oxidase complex results in a significant increase of cellular ROS. ROS can directly activate GTP binding proteins, such as Ras and G proteins. 8, 25 Taken together, these effects indicate a short amplifying loop involving Ras (specifically Ha-Ras) and ROS. Ha-Ras might work as a direct sensor of ROS by activating stress-related kinases. Inhibition of Ha-Ras eliminates the sensor and the main inducer of ROS, leading to escape of the cell from H 2 O 2 -induced apoptosis (Figures 2  and 5 ). Under physiological conditions, ROS are required for induction of DNA synthesis, and their inhibition severely impairs Ha-Ras-induced DNA synthesis. 18 Overactivation of this circuit might severely impair cellular functions and induce the elimination of the cells containing higher ROS levels. The amplification of this pathway would lead to massive apoptosis if not restrained by a complementary activity. Ki-Ras performs this function by reducing cellular ROS and antagonizing Ha-Ras. Ki-Ras effects on ROS are dependent on a polybasic lysine stretch at the COOH terminus and not on the classical farnesylation box that is known to be essential for Ras activity (for review, see Reference 26 ). We have recently found that Ki-Ras but not Ha-Ras stimulates the mitochondrial enzyme manganese superoxide dismutase (MnSOD) via ERK1/2 signaling and that the polybasic region of Ki-Ras is essential for this induction. 19 Taken together, the data suggest that Ki-Ras reduces H 2 O 2 -induced apoptosis by buffering the production of endogenous ROS via MnSOD-ERK1/2 signaling ( Figure 6 ). The difference between ERK1/2 activated by Ha-Ras or Ki-Ras is probably accounted for either by a different membrane compartmentalization 27, 28 or by a discrete organelle localization encoded by the polybasic lysine stretch. 29 The protective effect of Ki-Ras on H 2 O 2 -induced apoptosis is abolished by Ras dominant negative variants and MEK inhibitor, but not by FTI-277 (Figures 2, 3, and 5 ). This is not surprising, given that Ki-Ras 4B is relatively insensitive to FTIs. 30 On the other hand, total ERK1/2 activity in HUVECs is almost totally dependent on Ha-Ras, which is the predominant isoform expressed by these cells (Figure 3a) . Thus, PD98095 induces cytoprotection both in Ha-Ras-expressing cells and in control HUVECs. Conversely, cells expressing Ki-Ras are more sensitive to apoptosis when treated with MEK inhibitor. It is likely that overexpression of Ki-Ras masks the activation of ERK driven by the endogenous Ha-Ras gene. Similarly, the antiapoptotic effect of FTIs in HUVECs stressed with H 2 O 2 can be explained by selective inhibition of Ha-Ras.
The data we have presented contain some general implications. In cells or tissues with high Ki-Ras/Ha-Ras ratio, the reduction of ROS by extracellular stimuli is dominant over Ha-Ras stimulates the activity of the NADPH oxidase complex, which in turn increases ROS levels. Ki-Ras, on the other hand, stimulates powerfully ERK1/2 signaling and activates both transcription and mitochondrial MnSOD, which reduces superoxide anion levels in combination with catalase. This might be accomplished either by a different membrane compartmentalization or by a discrete subcellular localization.
the production of ROS, and it may result in profound changes in oxidative metabolism. Conversely, endothelial cells, expressing predominantly Ha-Ras (Figure 2 ), are exquisitely sensitive to oxidative stress. This notion is supported also by recent data showing that activated Ha-Ras, but not Ki-Ras, can induce apoptosis. 31 In conclusion, our data highlight a new, modulatory role of the 2 Ras genes in endothelial cell response to oxidative injuries and point to the potential utilization of p21 Ras as an alternative molecular target in disorders associated with high levels of intracellular ROS.
